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When freshly made collodion  membranes are immersed in water 
before the complete removal of the organic solvents, the membranes 
are permeable for all substances of small molecular weight.  If the 
membrane is allowed to dry, however, either before or after placing in 
water, the  permeability  to electrolytes  is lost and the membranes exhibit 
in general the same type of permeability as living cells (1-3).  They 
furnish therefore an interesting model of the cell in that the permea- 
bility of the "wet" membranes  is similar to the dead cell while that of the 
"dry" membranes is similar to the living cell.  The mechanism of the 
permeability of the "wet" membranes was firmly established by the 
work of Duclaux and Errera (4) who found that the relative rate of flow 
of various liquids through these membranes was in proportion to the 
viscosity of the liquids.  There seems no doubt therefore that these 
membranes consist of a network of capillaries through which the solu- 
tions pass.  ttitchcock (5) and Bjerrum and Manegold (6) have been 
able to calculate the size of these pores as of the order of magnitude of 
10 --° cm.  As the percentage of water held in the membrane decreases 
the size of the pores decreases until with membranes containing 5 per 
cent or less water the rate of flow of water is too small to be measured 
and the pore size cannot be determined.  Collander has found that 
semipermeability becomes more marked as the percentage of water 
decreases and assumes as does Michaelis (7) that this selective action 
of the dry membranes is due to the fact that the pores become  too small 
to allow the passage of large molecules.  The impermeability to elec- 
trolytes is accounted for by Michaelis (8) as due to the negative charge 
on the membrane which prevents the passage of negative ions while 
secondary differences in the rate of passage of the ions are ascribed to 
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differences in the degree of hydration of the ions.  The potential differ- 
ences observed by Michaelis are accounted for as diffusion potentials 
caused by the great differences  between the mobilities of the anion and 
cation in the pores of the membrane.  An alternative hypothesis is 
that the pores disappear in the dry membrane and that substances pass 
by dissolving in and diffusing through the collodion.  The essential 
difference  between the two points of view consists in that from the point 
of view of pores, molecules in solution are surrounded by an atmosphere 
of the solvent molecules and really move relative to them, the mem- 
brane simply serving to alter the area and length of the column of 
solvent through which the  solute can  diffuse.  The permeability is 
therefore determined by the diffusion coefficient in the solvent and by 
the effective diffusion area of the membrane. 
From the point of view of solution the molecules are considered to 
diffuse through the material of the membrane and the solvent in contact 
with the membrane affects the permeability  only  indirectly, in that the 
concentration of the solute in the membrane depends upon the parti- 
tion coefficient  of the substance between the membrane and the solvent. 
In the case of diffusion of substances in solution the results can be pre- 
dicted at least qualitatively by either point of view, although there is 
evidence in favor of the solution idea.  The simplest case appears to be 
that of the passage of gases; and in this case, as was pointed out in a 
preliminary paper (3),  the results are more in accord with the idea of 
solution.  It  may be  mentioned that  there  are  undoubtedly cases 
where passage takes place through pores, as in the wet collodion mem- 
brane or in unglazed porcelain, while there are also cases such as the 
passage of solutes through a layer of ether or of gases through rubber 
(9) or metals where the process is one of solution. 
Experimental  Procedure. 
Preparation of Membranes.--5 cc. of 1V[erck's t~. s. I,. collodion was placed in a 
1.5  X 15 cm. test-tube and rotated mechanically  in a horizontal position for 20 
minutes.  The  tubes were then allowed to  dry for 3 days.  They  were then 
filled with water and the membranes removed, drained and dried for 3 days in a 
desiccator over I-I2SO4.  The membranes could be made thicker  or thinner by 
using more or less collodion.  Thinner membranes frequently have imperfections 
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Attachment  of the  Membrane.--The  glass tube  to  which  the  membrane  was 
attached was just large enough  so that  the membrane  could be drawn  over it 
smoothly without  wrinkling.  The  tube  was first covered with  a  thin  coat of 
vacuum  stop-cock grease and the  membrane  slipped on.  It  was  then  bound 
firmly in  place with rubber bands. 
Determination of tke Rate of Passage of Gases.--The determination of the per- 
meability for gases was made in the apparatus shown in Fig. 1.  The membrane 
and glass tube were completely filled with gas by running the gas first into the 
membrane and then into the outside tube, by appropriate manipulation of the 
stop-cocks.  The volume of gas passing through was read from the movement of 
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FTG. 1.  Apparatus for measuring rate of passage of gases through  collodion 
membranes. 
the mercury meniscus and checked by the change in the oil manometer.  Since 
the total volume of the apparatus is large compared to the volume of gas passing 
through,  the oil manometer is very sensitive to changes in barometric pressure 
and  temperature.  The  entire  apparatus  was  therefore  immersed  in  a  large 
constant  temperature  water  bath.  Even  under these  conditions, unless great 
precautions are taken against leaks, etc., the change in the outside manometer 
did not agree quantitatively with that of the inside one. 
Determination  of the Solubility of Gases.--The volume of gas taken up by col- 
lodion was  determined in an  apparatus essentially the same as that  described 
by Lefebure (10).  The apparatus containing the collodion was evacuated to less 
than a millimeter of pressure for several hours before use. 
Determination of the Permeability to Solutes.--A glass tube held in a  cork was 
tied in the end of the membrane and the membrane containing the solution sus- 438  PERMEABILITY  OF  COLLODION  MEMBRANES.  11 
pended in a test-tube of water.  The quantity of solute outside was determined 
by titration with alkali in the case of acids or by AgN03 in the case of chlorides. 
Phenol was determined by titration with iodine. 
Determination of the  Solubility  of Acetic Add.--Severai  grams  of  collodion 
membrane were placed in a measured volume of the solution and allowed to remain 
until no further change in concentration of the solution was noted.  This required 
from a day to several weeks depending on the concentration of the solution and 
the  thickness  of  the  membrane.  The  collodion  was  then  removed from the 
solution, rinsed with water and placed in a small volume of water.  It was placed 
in fresh water every day until no further solute was found in the water.  The 
wash waters were then combined and the total amount of solute given off from the 
collodion  determined.  This  total amount taken up by the  collodion  was also 
determined by difference,  from the analysis of the original solution before and 
after the collodion had been placed in it.  The figures obtained agreed with each 
other, showing that the process is reversible.  This is not true of NTI, which forms 
an irreversible compound after long standing. 
Effbct of the Size and Thickness of the Membrane and the Time of the 
Experiment. 
From either the point of view of diffusion through pores or of solution 
and diffusion through the membrane, it would be expected that the gen- 
eral  form  of  the  equation  governing  the  process would  be that  of 
Fick's diffusion law, which states that the quantity of material passing 
in unit  time is proportional to the  area and to the concentration dif- 
ference  across  the  membrane.  The  significance  of the  terms of the 
equation is different, however, depending on which assumption is used. 
Assumption I.  Diffusion Takes Place through Pores. 
If the experiment is arranged so that there is a  "steady state,"  that 
is, so  that  the  concentration  difference  across the membrane is con- 
stant, the concentration gradient across the (homogeneous) membrane 
is linear and the equation may be written 
2" t A (G -- c2)  Q_- 
h 
or  (1) 
p=  Oh 
t A (G -- C2) 
in which Q is the quantity of substance that passes through area A, of 
thickness h, in time t when the concentration difference in the solution JOHN H. NORTHROP  439 
or gas on the opposite sides of the membrane is (C1  -  C~).  P may be 
called the permeability constant, since it is the amount of material that 
will pass through  unit area and thickness of membrane in unit time 
under unit difference of concentration (or pressure).  This relation was 
found to hold both with gases and with substances in solution.  The 
partial pressure of the gas was used.  The amount of substance passing 
at the beginning of the experiment will evidently be smaller than that 
at the steady state since some of the substance remains in the mem- 
brane, so the rate increases slowly at first and then remains constant. 
The experiments were continued until this constant rate was reached. 
This required an hour or so for the gases and several days for some of 
the substances in solution. 
Dimensions of P.--It will be noted that if the area and thickness are 
expressed in the same units and the pressure or concentration in terms 
of quantity per unit volume, P then has the dimensions: area over time. 
Since the mole fraction, which is the significant figure, of the molecular 
species present in small amount  (or the pressure of a  gas), is nearly 
proportional to the mass per unit volume, the concentrations of gases 
and solutes in low concentration may be expressed as quantity per unit 
of volume.  In these experiments the results are expressed as cm3 per 
day.  The following is an example of the calculation. 
A  =  area membrane  =  72 cm  ~. 
h  =  thickness membrane  =  26  X  10  4  cm. (calculated from area and weight) 
t  =  2  days 
Q  =  2.2  X  10  -imole 
10 X  10  -6 mole 
G= 
cm  3, 
C~ =  0 
2.2 X 10  ~  mole ×  26 X 10  4  cm.  P  =  (2) 
10  X  10  -~ mole 
72  cm3  X  X  2  days 
crrt.3 
=  0.040  cm. ~ per day. 
Evidently it makes no difference what units are used to express the 
quantity and concentration as long as the units are the same in both 
cases.  In the case of a gas, grams or cc. per cm.  a at standard pressure 
and  temperature,  can  be  used.  In  a  solution,  however,  the  mole 440  PERM'EABILITY  OF  COLLODION  MEMBRANES.  II 
fraction of the solvent, i. e. the molecular species present in excess, is not 
proportional to its volume concentration,  and in this case the dimen- 
sions of P  cannot be reduced to area over time but must be expressed 
as  quantity  per  unit  membrane  size  per unit  of  time  and  unit  of 
osmotic  or  vapor  pressure,  or  whatever  property  of  the solvent is 
assumed to be the determining factor. 
From the point of view of pores the value of -P is the diffusion coeffi- 
cient of the substance in water or in whatever substance is supposed 
to fill the pores of the membrane.  It differs from that determined in 
water without a membrane because it has been expressed per unit area 
of membrane whereas the area and length of the pores only should have 
been used.  It follows from this point of view that the permeability is a 
function of the diffusion coefficient of the substance in the solvent and 
of the  effective pore area  and  length,  so that  the membrane  affects 
the value only by changing  the  effective diffusion area.  Evidently 
then  the rate  of diffusion of the  same substance should be different 
depending  on  the  solvent.  A  gas for instance  should  diffuse much 
more rapidly through a membrane in the gas, in which case the pores 
are filled with the gas, than through the  same membrane immersed in 
water since the pores would now be filled with water and the rate of dif- 
fusion of gases in gases is some 10,000 times as great as the rate of dif- 
fusion of gases in water.  As will be seen, this is not the case.  It would 
also be predicted that the relative rates of penetration should be in the 
same order  as the diffusion coefficients in water,  but the differences 
should be magnified since the percentage of the total number of pores 
through which small molecules can pass is greater than that for large 
molecules.  In general  this is true,  but there are marked  exceptions 
since electrolytes do not pass with appreciable velocity whereas some 
large molecules, as phenol, pass rapidly.  In the case of large molecules 
having a higher rate of penetration  than small ones it is necessary to 
assume that the diffusion law does not hold in small capillaries or that 
the substance becomes concentrated in the capillaries. 
Assumption  II.  The Substances  Dissolve  in  and Diffuse  through the 
Material of the Membrane. 
The equation for the  rate of penetration is the same as before but 
from  this point of view the terms referring  to the dimensions  of the JOHN ~. NORTHROP  441 
membrane are correct but the concentration  terms must  now refer to 
the concentration in the two sides of the membrane instead of the con- 
centration in the solution.*  If S is the partition coefficient of the sub- 
stance between the solvent and collodion, L e. 
Concentration in collodion 
s  =  (3) 
Concentration in solvent 
then the concentration in the collodion is SC and equation (1) may be 
written 
tDAS(C1--C~)t  Q= 
h 
or  (4) 
D  --  Oh 
tAS(CI--  C~) 
P 
S 
D  has now the same dimensions as P  in the previous case but is of 
different  significance,  since  it  is  the  diffusion  coefficient  of  the  sub- 
stance in the collodion  (more strictly, in a  saturated solution of what- 
ever substances are present in the collodion).  From this point of view 
differences in Q, the quantity passing through, are due to differences in 
the partition coefficient of the substance between the solvent and collo- 
* It is assumed, in accord with the work of Noyes and Whitney and others on 
solution of solids, that equilibrium exists at the interface and that the time element 
consists in the diffusion.  This is a reasonable assumption since the actual inter- 
face is of molecular dimensions and the activity of a substance at any point in a 
solution would differ very slightly from that at another point distant by a few 
molecular diameters.  Unless there were some special block at the interface the 
activity on the two sides would therefore be expected to be practically identical, 
i.e., there would always be equilibrium at the interface. 
~If the solutions on the two sides  are different the partition coefficients  will 
be different and the general equation is 
O =tDA  ($1C1-- S~) 
h 
This is the case in the experiments reported by Irwin (17). 442  PERMEABILITY  OF  COLLODION  MEMBRAiX~ES.  II 
dion  and  to  the  diffusion  coefficient  of  the  substance  in  collodion. 
This value, D, should therefore depend only on the substance and should 
be independent  of the material  surrounding  the membrane.  Gases 
therefore  should  give the  same value for D  when  the membrane  is 
surrounded by gas as when it is in water, and this is the case.  The 
TA 
Permeability of 
Substance ...................................... 
System measured ............................... 
Moles per liter or pressure at ..................... 
P  =  permeability 
CIX1.  $ 
=  ×  104 .................................. 
day 
S  = 
gm. per cc. collodion 
gm. per cc. water or gas 
D  =  Diffusion coefficient in collodion 
P  cm.~ 
X  104 ........................... 
S  day 
Molecular weight  ............................... 
Molecular radius  X  10  s cm  ....................... 
).( 
NH8 
NH~0H 
H20 
0.10 
1.2 
2.0 
0.6 
17 
02 
O~ 
O~ 
).,  L05- 
1.] 
4A 
32 
1.~ 
values  for the  permeability  should  have  no  general  relation  to  the 
molecular weight  or size  except in so far  as the partition  coefficient 
between water and collodion varies with these quantities.  The values 
of D should decrease as the size of the molecule increases, although there 
is no known relation between the diffusion coefficient and the molecular 
diameter or weight  except when the  molecule of solute is  large com- 
pared to that of the solvent.  In that  case the diffusion coefficient is JOHN H.  NORTHROP  443 
inversely proportional to the diameter of the molecule or to the cube 
root of the molecular weight  (11).  Empirically it is known that in 
water the diffusion coefficient of molecules of the same order of size as 
the water molecule is inversely proportional to the square root of the 
molecular weight.  In the present case the molecules of the solvent, 
I~I. 
lodion Membranes. 
I  i 
~"~/  ~  /~~/  *~  ~~t  ~1  °~/~ 
0.2  0.1  / 0.1 
/ 
•  15  .025]  .003: 
/ 
2.8  .36 ]  .11 
/ 
.05 
H,O" 
0.1 
.003 
.16 
.018 
270 
collodion, are much larger than  those of the solute, and it might be 
expected that the rate of diffusion would vary as some higher power of 
the molecular weight. 
Experimental Results. 
A summary of the results is given in Table I, in which the substances 
have been arranged in order of their molecular weight.  The permea- 444  PERM.EABIL1TY  OF  COLLODION  MEBIBRANES.  II 
bility decreases in an irregular way as the molecular weight increases 
but there are marked exceptions.  HC1 gas for instance passes many 
times more rapidly than hydrogen; and phenol, although of large molec- 
ular weight, passes many times more rapidly than acetic acid; while 
amino acetic does not pass with measurable velocity.  The clearest 
results are those for the gases, since the theory of the passage of gases 
through fine openings is well worked out and there is less chance for 
secondary complications.  It is known that under all conditions the 
relative volume of gas passing through a small opening is nearly in- 
versely proportional to the square root of the density of the gas, and 
that  this relation holds even when the capillary is  of the order of 
magnitude of the mean free path of the gas molecule (12).  Hydrogen 
should therefore  pass the most rapidly and CO2 the most slowly.  COs 
and H, however, pass at the same rate while O and N pass much more 
slowlyand HC1 goes verymuchmore  rapidly.  On the other hand, it can 
hardly be assumed that COs and HC1 can pass through pores that will 
not admit H  and the other gases, since the relative diameters of the gas 
molecules are known and do not differ much, COs being the largest. 
(There are several independent methods of determining the molecular 
radius, which lead to different results.  The relative order of size, how- 
ever, is the same for all methods; cf.  Loeb (12).)  On the other hand~ 
when the results are expressed as coefficients of diffusion in collodion, 
the results are correctly predicted qualitatively for all the substances 
measured,  without  any  supplementary hypotheses  as  to  electrical 
effects, etc.  Those substances that do not pass the membrane do not 
dissolve  in it,  and those like phenol, which are  exceptions from the 
point of view of pores, are found to be soluble.  The most striking 
examples of the effect of solubility, such as NH3 gas, H~S gas, and to a 
certain extent ttC1  and the  collodion  solvents of higher molecular 
weight, cannot be tested from the point of view of solubility since they 
either destroy the membrane or combine with it irreversibly so that the 
solubility coefficient cannot be determined.  Collodion was found to 
take up large quantities of NH3 and H2S, but the membrane changes 
color and becomes brittle while only a  small part of the gas can be 
removed.  Evidently a  chemical reaction takes place subsequent to 
solution. 3OHN H. NORTHROP  445 
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The diffusion coefficients of the substances in collodion increase as 
the  molecular weight  decreases, which  is a  reasonable result.  The 
increase, however, is much more rapid than would be expected from 
the relative rates of diffusion in water, and although no theoretical 
relation is known between the diffusion coefficient and the molecular 
weight when the solute molecule is smaller than that of the solvent it 
appears hardly probably that the diffusion coefficient should increase 
as rapidly as the figures show.  It will be noted, however, that those 
substances having a molecular weight of 60 and above give diffusion 
coefficients of about the relative order expected from the molecular 
weight, while those for O,  COs and N  are also consistent with each 
other, as are the values for water and hydrogen.  It might be supposed 
from these results that there are some very small pores and that while 
the large molecules pass by solution and diffusion the small molecules 
can also pass through pores.  This assumption, however, appears to be 
ruled out by the fact that H and C02 pass at the same rate whether the 
membrane is immersed in water or in the dry gas. 
The result of such  an  experiment with hydrogen and either a dry 
membrane or membrane immersed in water is shown in Table II.  The 
rate of passage of the hydrogen is the same within the error of the 
readings.  This is difficult to account for if it is assumed that the hydro- 
gen passes through pores,  since, when the membrane is surrounded 
by gas, the pores must be filled with  gas molecules, while when the 
membrane is in water the gas must diffuse through water, and it is 
known that the rate of diffusion of gases in water is about 1/10,000 
the rate of diffusion of gases in gases.  It can hardly be supposed that 
the pores allow the hydrogen to enter but not the water since the hydro- 
gen molecule is very slightly smaller than the water.  Neither can it be 
assumed that the pressure forced the water out of the pores since the 
pressure necessary to force water out of such small pores would be many 
hundreds of atmospheres.  From the point  of view of solution and 
diffusion the result is exactly what is expected since the difference in 
partial pressure of the hydrogen on the two sides of the membrane is 
1.1  atmospheres in both cases and the rate of diffusion through the 
collodion should therefore be the same. 
Table III gives the result of a similar experiment with COs.  In this 
case the amount of gas passing  the membrane was  determined by JOHN H.  NORTHROP  447 
titration in the outside solution instead of by loss of volume on the 
inside, so that there is no doubt that the measurement represents the 
TABLE  Ill. 
Diffusion  C02, Membrane in H~O. 
Inside 
Membrane No.  2 
Outside 
H~O q- ~/100 NaOH. 
F X  105  ,2.8 
Cc. M/100 NaOH  1 
cc. CO2  .224 
At, hrs.-~pH 8.0  .17 
Average  .17 
Cc. C02/day/at  31 
P  =  cm3/day X  104  8.6 
1  1 
.18  .18 
H20 sat. +  CO2 
Time required to bring to pH 8.0 determined 
4 
2.8 
1 
•  224 
.26 
.22 
24 
7.4  6.7 
CO#CO~ 
.23 
.21 
CO~ diffusion coefficient in H~O  =  1.2  cm3/day 
in O~  =  .18 cm.2/sec.  =  1.6  X  104 cm.~/day 
TABLE  IV. 
Effect of Water on Permeability of Membrane with Small Holes. 
Membrane filled with air under 3 era. Hg pressure. 
8 punctures made in membrane with fine glass needle and rate measured in 
air and in water. 
i Membrane  in  Membrane'in 
air  H20 
Cc. per hr  .............................................  4000  O. 3 
TABLE V. 
E~ect of Area and Method of Preparing Membrane on Quantity  of CO~ Absorbed. 
Method  of  preparing  mem- 
brane  ...................... 
Area membrane per gin. collo- 
dion. cm  2  .................... 
Cc.  COs per cc.  collodion 760 
mm. pressure .............. 
Poured into 
water 
4.8 
4.7 
4.3 
Membrane made  Membrane made 
in test-tubes  on mercury 
Ii00  120  50 
5,I  4.7  4.7 
amount of gas passing through the membrane.  Since the  radius of 
the C02 molecule is known to be as large or larger than that of water it 
cannot be assumed that the water was unable~to enter the pores. 448  PERMEABILITY  OF  COLLODION  MEMBRANES.  II 
The experiment was controlled by measuring the rate of diffusion of 
air through a membrane which had been punctured with a fine glass 
needle.  The result of this experiment is shown in Table IV.  The gas 
now passes more than I0,000 times as fast when the membrane is in air 
as when it is in water. 
The  foregoing experiments agree  qualitatively  at  least  with  the 
assumption  that  the passage of substances is  governed by solution 
rather than by diffusion through pores.  It is possible, however, to 
obtain confirmatory evidence from several different experiments. 
3 
~9 
•  2 
o" 
O, 
J 
J 
I 
J 
200  200  30o  =1co  5oo  600  700  &OO 
Wess~r~- ~  H~. 
FIG.  2.  Solubility of C02 in collodion at different pressures. 
Effect  of _Pressure  or  Concentration  and  Form  of  Membrane  on the 
Amount of Substance Dissolved in Collodion. 
If the substances form a  solution in the collodion it would be ex- 
pected that the quantity dissolved would be proportional to the con- 
centration or pressure of the substance and independent of the surface 
of the collodion.  Table V shows that the amount of CO~ absorbed by 
collodion is independent of the area of the collodion and is nearly the 
same whether the collodion is prepared by pouring into water or made 
in the form of a dry membrane.  The solubility is a little less in the 
water sample and it was noted also that  some samples of collodion 
showed  a  slightly  different  value  for  the  solubility.  Collodion  is 
known to  be a  mixture and it is possible that  the solubility in  the 
various constituents is different, so that  different samples would be JOHN  H.  NORTHROP  449 
expected to vary slightly.  If this were the case it might account for 
the rapid decrease of the diffusion coefficient with increasing molecular 
weight.  But it must be assumed that the membrane is heterogeneous 
in the plane perpendicular  to the direction of diffusion. 
The mount  of CO2 dissolved by collodion  •  at different pressures is 
shown in Fig. 2.  The quantity is proportional to the pressure up to 
pressures of 760 ram. Hg. 
TABLE  VI. 
Solubility of Acetic Acid and Phenol in Collodion. 
Concentration in 
H20 
Acetic acid or 
•  phenol 
mu  pe~ cc. 
0.01 
.025 
.05 
.10 
.20 
1.0 
5.0 
Concentration in collodion 
Acetic acid  Phenol 
m~  p~r co.  m~  ~r  co. 
0.01 
0.071 
(.20) 
.099  .28 
.57 
.87 
3.05 
Concentration  in collodion  Partition coefficient 
Concentration in H20 
Acetic acid 
1,0 
1.0 
.87 
.61 
Phenol 
2,8 
(4.0) 
2.8 
2.8 
TABLE  VII. 
Solubility of Acetic Acid in Collodion from Acetic Acid- 
Sodium Acetate Mixtures. 
Cc. N/10 HA  ......  ~  ..................... 
Cc. ~/10 NaA  ........................... 
Moles HA per cc. collodion 
Moles HA per cc. H20 
10 
0 
.88 
8 
2 
.91 
5  2 
5  8 
1.0  1.0 
0 
10 
The  solubility of acetic acid and phenol in  solutions of different 
concentrations in collodion is shown in Table VI.  The solubility of 
acetic acid is proportional to the concentration up to about molar, but 
above that the concentration of the acetic acid in the collodion in- 
creases more slowly than in  the solution.  The  collodion begins  to 
soften at about this concentration of acetic acid and can probably no 
longer be considered as pure collodion. 450  PERMEABILITY  OF COLLODION  MEMBRANES.  II 
Since acetic acid is soluble in collodion while sodium acetate is not, 
it may be expected that the amount of acetic acid dissolved from a 
mixture of acetic acid and sodium acetate having the same total acetate 
concentration would be proportional to the amount of undissociated 
acetic acid in the mixture.  Table VII shows that this is the case. 
Independent Solubility of Water and Acetic Acid, etc. 
According to  the theory of ideal dilute solutions the quantity of 
substance dissolved should be the same irrespective of the presence of 
TABLE  VIII. 
Weigkt and Composition of Solution Taken Up. 
Solution 
Weight collodion dry gm  ................ 
....  +  H~O ................. 
"  "  +  solute  ................ 
Gin. solute in collodion  ................... 
moles solute X  10  ~  .................... 
Moles per gin. collodion X  10  ~  ............. 
Found by direct titration X  105  ............ 
Moles per gin. collodion assuming solution of 
same  concentration  taken  up  by  collo- 
dion  ................................... 
20 
47 
48 
Acetic acid 
422  .422 
.440  .440 
•  452  .480 
.012  .040 
.5 
66 
156 
170 
14 
[gCl, 
10 K 
•  434 
.451 
•  4542 
•  20032 
17 
.5 
.46 
Phenol 
.Z x 
.287 
•  298 
• 306 
.008 
8.5 
28 
26 
1.3 
Assume adsorption and that each mole HA displaces 1 mole H~O. 
Then total weight per gin. --  170 moles ×  10 -s  HA  +  (240-170) 
moles I-I~O 
--- .1 gin. HA -t- .012 gin. H~O 
-- .112 gin. total 
Found  .137 
X  10  -~ 
other solutes.  The amount of water and of various solutes taken up 
by dry collodion is shown in Table VIII.  The results agree with the 
assumption that the water and solute dissolve independently and can- 
not be accounted for by supposing that the membrane simply absorbs 
solution of the same concentration as the bulk of the solution.  If it is 
assumed that the acid is adsorbed in the pores and that each mole of 
acid displaces one mole of water,  the calculation also fails to agree 
with the experiment.  It would be necessary from this point of view JOHN H. NORTHROP  451 
to suppose that each mole of acid displaced much less than one mole 
of water, or else that the volume of the collodion increased. 
Effect of Sodium Chloride on the t~ermeability to Acetic Acid. 
If the acid diffuses through pores in the membrane it might be ex- 
pected that the presence of concentrated salt solution on the opposite 
side of the membrane would increase  the  amount of acid passing 
through,  since the salt forces water to pass through the membrane 
owing to osmotic pressure and some acid would be carried with the 
water.  On the other hand, the presence of salt in solution with the 
acid would cause a  stream of water  to flow  toward  the  acid and 
might  be  expected  to  decrease  the  a~ount  passing  through the 
pores.  There  are, however, possible secondary electrical effects or 
blocks due to partial dosing of the pores by salt molecules, so that it is 
difficult to predict exactly the result of the experiment from this point 
of view.  From the point of view of solubility the presence of the salt 
on the outside of the membrane should have a negligible effect since 
the concentration of acid is here practically 0.  The presence of salt 
on the inside should increase the amount of acid passing through, since 
strong salt solutions increase the activity (vapor pressure) of the acid 
and should therefore increase the partition coefficient, and hence the 
permeability.  The results of the experiment given in Table IX show 
that this latter prediction is qualitatively fulfilled but that quanti- 
tatively the increased solubility of the acid in the collodion due to the 
salt is not sufficient to account for the increase in permeability. 
Temperature Coefficient. 
If the substance diffuses through pores in the membrane the tempera- 
ture coefficient of permeability should be that found in ordinary diffu- 
sion, unless it be further assumed that'the pore area of the membrane 
changes with temperature.  If passage takes place by solution almost 
any temperature coefficient might be expected since the temperature 
coefficients of solubility are irregular and may even be negative.  The 
temperature coefficient of the diffusion coeficient in collodion should be 
small, however, unless some change occurs in the viscosity of the collo- 
dion.  Table X gives the results of an experiment in which the rate of 
penetration of acetic acid was determined at 5  °, 2S  ° and 35°C.  The 452  PXRM_EABILITY  OF COLLODION  MEMBP.ANES.  It 
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coefficient  is about 2 for permeability over the whole range, and 1.6 for 
the diffusion coefficient from 5 to 25, but is the same as that for per- 
meability from 25 to 35. 
Permeability to Water. 
Membranes made  by placing  in  water before evaporation of the 
organic solvents may contain more than  5  times  as much water as 
collodion but this water is not in equilibrium since it cannot be re- 
placed once it has been removed without subjecting the membrane to 
some organic solvent.  There is good reason to suppose that this water 
is held in the pores of the membrane and in fact that the pores are kept 
TABLE  X. 
Permeability of O. 10 Molar Acetic Acid at Various Temperatures. 
Temperature. 
P = cm)/day X 104  ..................... 
10  .................. 
S = Acid  per cc. collodion 
Acid per cc. H,O  ................ 
P 
DX10*=-=.  ........................ 
S 
5 ° 
o. o08¢ 
,53 
.016 
25  ° 
0.038 
2.1 
.90 
.042 
1.6 
2.2 
2.1 
35  ° 
0.085 
.94 
.090 
open by the surface tension effects of this water, as Zsigmondy (13) has 
suggested. 
If such membranes are suspended over mixtures of sulfuric acid and 
water, or even over pure water, they lose weight and finally come to an 
equilibrium value with respect to water content.  This small amount 
of water is in equilibrium with the membrane and may be removed and 
replaced repeatedly.  The loss of water over pure water is presumably 
due to the pressure in the  collodion network which causes the water 
to be foreced out in droplets.  These droplets have a  convex surface 
and hence a higher vapor pressure than water in bulk.  This is a slow 
process, however, and the loss of weight continues for months.  The 
water content would presumably reach the value obtained by placing 
dry membranes in water. 454  PERMEABILITY  OF COLLODION  MEMBRANES.  II 
The  result of such an  experiment is shown in Fig.  3 in which the 
grams  of water per gram  of collodion are plotted against  the vapor 
pressure of water in the sulfuric acid-water mixtures.  These figures 
are perfectly reversible and are obtained with either the dry membrane 
or the membrane made by immersing in water before the loss of all the 
organic solvent.  There is some indication, however, that the equilib- 
rium  water  content  of  the  membranes  increases  with  the  original 
water content.  This experiment seems to furnish evidence that water 
.O7 
. o  .06 
0 
.0s 
C~ 
!" .03 
~  .o2 
~.o! 
% 
0  Y 
/--C; 
2  4  6  s  lo  12  14  1,  18  20  22  z~ 
V~,por  pressure H20-  mm.Hg 
FIGI  3 .  W~ter con  te~t of collo~o~ ~e  ~br~ne  ~ over H~SO~ water m~t~r~  , 
O original water content of membrane  2.70 gm. H20 per gm. collodion. 
•  "  "  "  "  "  .29  "  "  "  "  " 
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may be held in the membrane in two ways.  First, as water held in the 
capillariesl  This  may be  very large  in  amount  and  cannot  be re- 
placed once it is removed.  Second,  a  small amount of water is dis- 
solved in the collodion and the amount is proportional to the vapor 
pressure of water to which the membrane is exposed. 
The result may, however, be explained qualitatively from the point 
of view of pores by assuming that the pores contract until the walls are 
in contact in places and that the residual water then in the membrane 
has a different vapor pressure depending on the size of the pore in which JOHN  H.  NORTHROP  455 
it is held, since it is known that the vapor pressure of a liquid which wets 
a  capillary decreases as the radius of the capillary decreases.  From 
this point of view it is possible then to calculate the radius of these 
residual pores.  The result of this calculation is shown in Table XI. 
It is evident that the calculated size of the pores is too large, since more 
than half the water is found to be in pores greater than 1 ×  10 -7 cm. 
radius or nearly 100 times the cross-sectional area of the molecules of 
gas which, from the permeability experiments with gases, are unableto 
pass through them.  Also there is no reason to expect, from this point 
of view, that the amount of water in the pores should be proportional 
Po  =  24 
P  = 
r  X  108, cm. 
Water in 
membrane 
as  per  cent 
of  maximum 
TABLE  XI. 
Radius of Pores from  Vapor Pressure (14). 
ln P__o  2 ~ ~s  =  ¢  =  surface tension=  72  ergs/cm.  ~ 
P  RT~n 
=  molecular weight =  18 gin. mole  -1 
=  density liquid =  1 gm./cm,  a 
RT  =  2470 X  107 ergs mole  -1 
r  =  radius capillary cm. 
Po  =  vapor pressure liquid in bulk 
P  ~  "  "  "  "  capillary 
1.2  3  8  15  2O 
3.5  5.0  9.5  22  56 
6  10  33  64  90 
to the vapor pressure of the water.  The calculation, however, includes 
the doubtful assumption that the angle of contact of the water and 
collodion is 0.  There is also some question as to whether the equation 
can be applied to such small pores (18). 
The permeability of the membranes to water may be determined by 
filling the membranes with salt or sugar solutions, immersing them in 
water and determining the increase in weight.  Assuming that  the 
water content of the membrane is proportional to the vapor pressure 
of the solution, the rate of diffusion in the collodion may be calculated. 
The result of such a  calculation is given in Table XII.  The vapor 456  PERMEABILITY  OF  COLLODION  MEMBRANES.  II 
pressure of the solution was calculated from the freezing point depres- 
sions in the case of the salt (neglecting the effect of temperature)  and 
assumed proportional to the mole fraction of water in the case of the 
sugar solutions.  It may be noted that  the results with the salts al- 
though consistent for the various concentrations of the same salt are 
lower with CaC12 than with KC1 and sugar.  This is the reverse of the 
result obtained by Lucke and McCutcheon (15) with sea urchin eggs. 
If the water is assumed to flow through pores then the diameter of 
the pores may also be calculated from the above data, as was done by 
Hitchcock (5) and by Bjerrum and Manegold (6). 
This calculation is shown in Table XIII.  The size obtained in this 
way is of the order of magnitude of 10 -9, or about 100 times smaller 
TABLE XII. 
Permeability of Membrane to Water When Filled with Various Solutions. 
Solution 
Ee./day/unit membrane  X 
10L 
3m.  H20  per  cc.  collodion 
water side--gm.  H20 per 
cc.  collodion  solution 
side... 
D =  cm.2/day X  104.. 
1,O M 
1.25 
.00125 
100 
Sugar 
0.50 .u 
.53 
•  00062 
85 
KC1 
1.0 ~t  0.5 M 
1.2  .60 
.00218  .0011 
55  55 
CaCh 
1.0 M  0.5 M  O.g5 
1.45  .74  .27 
.0033  .00175 .00087 
44  42  31 
than  from the vapor pressure measurements.  It also disagrees with 
the  results of the gas measurements, since the radius  is now smaller 
than the smallest molecular radius.  There is  again,  however,  some 
uncertainty as to the application of the equation to such small pores. 
Electroendosmosis. 
It might be supposed that the presence of pores  could  be  tested 
for by electroendosmosis experiments.  Since the effect of an electric 
potential  is essentially the  same  as  hydrostatic  pressure,  it  should 
cause water to pass by diffusion also,  and the experiment  is there- 
fore inconclusive. JOHN  H.  NORTHROP  457 
Permeability to Electrolytes. 
It has been found by Michaelis and his coworkers that dry collodion 
membranes act as reversible electrodes for cations but not for anions. 
That  is,  in  low  concentrations  of salts  a  potential  approaching  the 
theoretical value of 55  millivolts is obtained when  the membrane is 
placed between 0.10  and 0.01  molar KC1 or other univalent neutral 
salt.  These  results  have  been  accounted  for  by  Michaelis  by  the 
TABLE  XIII. 
C~culation ~ Pore Size and Number flora Permeabili~ ~ H20. 
Solution 
Cc.  per day per cm3 per cm. thick 
membrane X  105.  ., 
Osmotic pressure atmospheres... 
Cc. per day per atmosphere per unit 
membrane X  105... 
Radius pore X  10  ~ cm  .... 
No. of pores per cm3 X  10-18.. 
1.2 
22.4 
Sugar 
1,0 M  0.5 x 
.53 
11.2 
•  056  .048 
2.8  2.6 
1.8  2.0 
r  =  radius in cm. 
KCI 
1.0 ~  0.5 x 
1.17  .61 
39.5  19.5 
.029  .031 
2.0  2.1 
3.4  3.2 
1  =  thickness  collodion in cm.  =  1 
~/8~Q  n  =  viscosity of water =.01 
r  = 1  m~  ~-~.~  Q  cc. water per sec. per dyne 
m  =  gin. collodion per cc. =  1.65 
Wet weight 
w  =  1.04 
Dry weight 
ms(w-l)  n  =  no. of pores per cm3 
8~Q1% 
1.0 M 
1.45 
50.5 
•  024 
1.8 
4.2 
CaCI2 
0.5  ~ 
.74 i 
31.4 
.023: 
1.8 
4.3 
0.25 
i 
[  .27 
15.7 
.017 
1.5 
5.9 
assumption that the anions are prevented from entering the pores due 
to an electrical block.  The cations can enter the pores but are held 
back by the attraction of the anions.  When a salt solution is present 
on both sides of the membrane, therefore, the cations can pass through 
but the anions cannot, so that in the pores the mobility of the cations 
is much greater than that of the anions.  Under these conditions the 
diffusion potential in the pores should be the  same  as that  expected 
from a reversible electrode, and this is the case.  It would be expected 
from this point of view that an exchange of cations should take place 458  PERMEABILITY  OF  COLLODION  ~EMBRAIqES.  II 
when a salt solution is present on both sides of the membrane.  Mich- 
aelis (16) has found this to be true, but the amount of cations passing 
through the membrane is exceedingly small.  The membranes used in 
the present experiments gave a  concentration potential when placed 
between 0.10 and 0.01 ~  KCI of 30 to 40 millivolts.  They were imper- 
meable  to  all  electrolytes tried  except  HgC12.  This  salt  is  more 
soluble in alcohol than in water and has a  measureable soIubility in 
collodion, as might be expected.  As noted in Table I it is fairly per- 
meable.  About one-third of the membranes tested showed measurable 
permeability to other electrolytes but the results were irregular and the 
majority  showed  no  permeability  even  after  a  month.  It  seems 
necessary to assume that in such experiments the minimum figure is 
the correct one.  The experiments in which the membrane was placed 
between two salt  solutions were also irregular.  In the majority of 
cases no exchange of cations could be noted while in those cases where 
an exchange occurred there was also some passage of anions.  It is 
possible  that  this  difference from  Michaelis'  results  is  due  to  the 
different collodion and method of making the membranes.  In  the 
case of sodium or potassium acetate separated from HC1,  however, 
there is regularly a passage of the salt through the membrane while no 
passage occurs when pure water is on the other side of the membrane. 
The result of such an experiment is shown in Table XIV.  It will be 
noted that both ions of the salt pass through.  This result would be 
expected,  however,  if  the  cations  could  exchange as  suggested  by 
Michaelis, since in this case the acetic acid formed can penetrate.  If 
potassium ions passed through, therefore, in exchange with hydrogen 
ions, acetic acid would be formed in the acetate solution and since the 
acetic acid could penetrate it would in turn diffuse through and this 
would continue until the concentration (activity) of the undissociated 
acetic acid became equal on the two sides of the membrane.  The net 
result would be that both potassium and acetate ions pass through the 
membrane.  From the point of view of solubility these results can be 
accounted for by assuming that the collodion contains a small amount 
of an organic acid in solution whose salts are also soluble in collodion. 
(16).  The membrane would therefore act as a reversible electrode for 
cations as soon as an amount of cation equivalent to the organic acid 
was taken up since the concentration of the cation in the membrane JOHN  H.  NORTHROP  459 
would now be  constant,  a  necessary and  sufficient  condition for a 
reversible electrode.  The low potentials found by Michaelis between 
concentrated salt  solutions  would  on  this  basis  be  due  to  a  very 
slight  independent  solubility  of  the  salt  itself  in  the  membrane. 
This explanation has an advantage in that it predicts that the exchange 
of cations would be very small.  As shown in Table XIV this is the 
case,  the penetration of potassium or acetate ion being about  1/10 
that  for acetic acid.  If the impermeability to  these ions were due 
to an electrical block which prevented them from entering the pores, 
it would be expected when the block was removed by arranging the 
experiment so that an exchange of ions could take place that the rate 
of passage of the ions would be of the same order of magnitude as that 
of molecules of the same size. 
TABLE  XlV. 
Permeabilily of Potassium Acetale, 30 Days. 
Inside  .................. 
Outside  ................ 
Moles C1- inside X  10  6. 
Moles outside X  10  6  ..... 
Membrane factor  ...... 
Permeability X  10  z  .... 
K 
Acetate 
C1 
K 
A 
0. i0 ~. KA  0.10 ~*. KA 
• 1  g.  HCI  H20 
2.0  0 
6.6  4.0  Trace  Trace 
6.0  5.0  "  " 
2×I0-~  2XIO  -~  2×I0  ~  2×10  -8 
1.0  0 
3.3  2.0  0  0 
3.0  2.5  0  0 
It is also possible  that the membranes contain a  few small pores 
having the properties assumed by Michaelis.  The potential developed 
is independent of the number of pores so that the electrical properties 
of the membranes may be determined by these occasional and perhaps 
accidental openings, whereas the actual permeability is determined by 
solubility and diffusion since if the total pore area is minute the amount 
of substance passing through them would be negligible. 
An essential difference between the two mechanisms exists in the 
prediction of  the  results with  electrolytes.  If the permeability de- 
pends on pores and the electrolytes are prevented from passing by an 
electrical block, then no strong electrolyte can pass.  If, however, the 
permeability depends on solution in the collodion it is quite possible 
that some electrolytes would have this property and the membrane 460  PER~IEABILITY O]t COLLODION ~EMBRANES.  II 
would therefore be permeable to them.  Mercuric chloride, however, 
can hardly be cited as an example of this prediction since it is only 
slightly ionized. 
S~IAR¥. 
The rate  of penetration and the solubility  of H, O, N, NI-I,,  H=O, 
HC1 gas,  CO=, formic,  acetic, chloracetic,  dichloracetic acid, glycerol, 
phenol and mercury bichloride in dry collodion membranes have been 
measured. 
The rate of penetration of H  and CO2 is the same whether the mem- 
brane and gas are dry or whether the membrane is immersed in water. 
The solubility of CO~, acetic acid, phenol and water in collodion is 
completely  reversible  and  is  proportional  to  the  concentration  (or 
vapor pressure) in low concentrations and independent of the surface 
of the collodion. 
The size of the pores has been calculated from the vapor pressure of 
water in the collodion and from the rate of flow of water through the 
membrane.  The results do not agree and are not consistent with the 
observed rates of penetration. 
The relative rates of penetration of the gases bear no relation to the 
density of the gas. 
When the results are corrected for the solubility of the substances in 
the collodion and expressed as the diffusion coefficient in collodion they 
show that  the diffusion coefficient increases rapidly as the molecular 
weight decreases. 
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